Abstract: We designed a highly tunable optical system for generating very good quality 1-D optical Airy beams. The system is composed of only a few passive elementsVa microscope objective, a lens, and an aperture stopVso it is easy to align and has no power limits. An analytical formula for the characteristic coefficient of Airy beams was obtained as a function of two control parameters (object position and tilt angle of the lens), showing that it is possible to obtain a wide range of values, from a few micrometers to over 200 m using the same elements, simply by varying the geometric parameters of this optical system.
Introduction
Structured light beams have been the focus of research activity in recent years due to their promising applications in different fields, such as optical microscopic imaging, optical microparticle manipulation, or laser spectroscopy. These applications are a direct consequence of the special properties of such beams like nondiffraction and self-healing. Optical Airy beams are a new class of nondiffracting beams, which have been experimentally observed for the first time recently [1] , [2] . These beams have the special feature that their intensity lobes exhibit a transverse shift during propagation with a quadratic dependence. Based on the characteristics of the intensity pattern of Airy light beams, optical micro-manipulation has recently been demonstrated [3] , [4] . Furthermore, using femtosecond Airy beams, curved plasma channels have been experimentally shown to be generated in air [5] , and these are parabolic for the dominant intensity of the beam [5] . Other interesting properties of these beams have been described, such as the ballistic dynamics of the beams akin to projectiles moving under the action of gravity [6] , the self-restoration properties (selfhealing) after passing small obstacles or propagating in adverse environments [7] , the transformation by paraxial optical systems (that can be described by four complex parameters) [8] , or the evolution of the Poynting vector and angular momentum when the beam propagates through space [9] .
Experimental generation of Airy beams is based on the fact that the Fourier spectrum of the Airy function is a cubic phase function, which led Siviloglou et al. [1] , [2] to propose a simple way to obtain such beams employing a spatial light modulator (SLM) to obtain the cubic phase profile and a lens that performs Fourier transform of the incident field. The beam quality obtained is basically determined by the optical system used to generate the cubic phase pattern. Thus, the beam quality obtained with an SLM is limited due to the discrete behavior of the device, which also has other drawbacks such as the maximum energy that can be employed. Therefore, different optical systems for the generation of cubic phase profile have been analyzed. Yalizay et al. [10] used a combination of positive and negative cylindrical lenses to obtain the desired profile, whereas Wang et al. [11] used a cubic phase plate fabricated in a negative photoresist by direct laser writing lithography. However, the major drawback of these systems is that the cubic phase coefficients obtained are not tunable; hence, for generating Airy beams with different characteristic parameter x o , it is necessary to employ lens with different focal lengths. Papazoglou et al. [12] also used a combination of two cylindrical lens to obtain the cubic phase function exploiting the emergence of optical aberrations when a lens is tilted, which has the advantage over the former method that the cubic phase coefficient is tunable with the tilt angle.
Here, we present a simpler highly tunable optical system for the generation of high-quality 1-D Airy beams, where the cubic phase profile is obtained using the aberrations of the lens that performs the Fourier transform. We show theoretically and experimentally that controlling only two parameters, the distance between elements and the tilt angle, allows us to generate a wide range of Airy beams; hence, the characteristic parameter x o of Airy beams may vary from less than 10 m to 200 m with the same elements. Moreover, the low number of elements makes it much easier to align, and, since all of them are passive and transparent, this system has no power limit. Fig. 1 shows the optical setup used for the generation of 1-D Airy beams. The system includes five elements: a Helium-Neon laser source with a wavelength of 632.8 nm; a 40x objective lens with a pinhole, which generates a point source (where the presence or absence of the pinhole allows us to obtain the so-called SAiry beams [13] or the standard Gauss-Airy beams [1] , respectively); a planoconvex lens with a focal length of 25 cm; a rectangular aperture stop centered at the optical axis and located just behind the lens (the dimensions were ¼ 1 cm and ¼ 1 mm); and a CCD camera with a pixel size of 2 Â 2 m. The plano-convex lens was mounted on a rotational and translational stage, which allows us to modify the angle and the distance d from the object point to the lens in order to tune the aberration coefficients.
Experimental setup

Theoretical background
The propagation of the field that emerges from the exit pupil of the optical system (plane with Cartesian coordinates ð; Þ) can be estimated with the Fresnel diffraction integral, which for an observation point with coordinates ðx ; y ; zÞ is given by
where k is the wavenumber, and is the wavelength, whereas E ð; ; 0Þ denotes the field at the exit pupil of the optical system. In the case of the setup showed in Fig. 1 , the exit pupil coincides with the aperture stop. Therefore, the electric field E ð; ; 0Þ is described by a spherical wave that travels a distance S from the source (see Fig. 1 ) multiplied by the lens transmittance ðT l Þ and the aperture stop function ðT as Þ; hence, it can be written using the paraxial approximation for the spherical wave as
where A is the field amplitude, and the linear phase term takes into account the lateral displacement of the object point with respect to the optical axis of the lens. The lens transmittance can be estimated by using the thin lens approximation; hence, it is given by
where f denotes the focal length, whereas W ð; Þ represents the wave aberration function, which describes the deviations of the paraxial approximation for the lens transmittance, and can be reduced to Seidel aberrations or primary aberrations, which are given by [14] 
where C s , C c , C a , and C d denote the coefficients for spherical, coma, astigmatism, and defocus aberrations, respectively [14] . These coefficients depend on different parameters, such as lens refractive index or surface curvature radius and geometric variables of the optical system, in a complex way. However, for the case of the simple system employed in this work, analytic formulas are available from geometrical optics [15] 
where n is the lens refractive index, is the angle formed by the position vector of the point source and the lens optical axis, while q is the shape factor, which, in our case, can only take two values, À1 if the plane surface is the first and 1 if otherwise. The parameter p denotes the position factor, which is given by
Finally, the rectangular aperture stop transmittance can be expressed as:
where represents the Heaviside step function, and i denotes the dimensions of the aperture stop at the ith coordinate (total length is 2 i ). We chose the dimensions of the aperture stop that ensure that the lens works in paraxial approximation in the direction ð ¼ 1 mmÞ, and the aberration coefficients are only significant in the direction ð ¼ 1 cmÞ. Therefore, the employed is significantly lower than that used for , which allows us to neglect all terms that depend on the variable of the aberration function W ð; Þ. Thus, introducing equations (3)- (11) into the diffraction integral given by equation (1), and after some algebraic manipulations using the conditions mentioned above, it can be shown that the electric field can be written as a product of two functions Gðx ; zÞ and Hðy ; zÞ ðE ðx ; y ; zÞ ¼ AFGðx ; zÞHðy ; zÞÞ, which can be written as
Hðy ; zÞ ¼
As can be observed, Gðx ; zÞ is related to the Fresnel integral over the variable and Hðy ; zÞ to the Fresnel integral over the variable. The parameter f 1 present in equation (12) can be defined as the effective focal length of the lens for the variable taking into account the aberration coefficients of astigmatism and coma, which can be expressed in the following way using the definitions given in equations (8) and (9):
An approach to the Airy function for the x coordinate can be obtained from the function Gðx ; zÞ evaluated at the appropriate position, whereas the field distribution in the y coordinate, given by Hðy ; zÞ, corresponds to the normal propagation of a convergent beam. Thus, the integral Gðx ; zÞ at position z ¼ S 0 ðS 0 ¼ f 1 S=ðS À f 1 ÞÞ that cancels the quadratic phase can be approximated over the region of interest as
where Ai denote the Airy function, and x 0 ¼ ÀS 0 ð3C c =k 2 Þ ð1=3Þ is a coefficient related to the width of the central maxima of the intensity distribution of Airy beams, which, taking into account equations (14) and (7), can be expressed as a function of lens characteristics and geometric parameters of the optical systems in the following way:
Basically, there are two factors that may disprove the validity of the approximation used in equation (15) . On the one hand, the exact Airy function is described as the Fourier transform of a cubic phase function, so only can be obtained if the integration region (and hence the electric field) is extended over all the space. However, the effect of limiting the integration À x and x simply produces a high-frequency filtering, i.e., the Airy function is truncated, but it remains unaltered in the central region, which includes the maximum intensity lobes, as is shown in reference [13] . On the other hand, the second factor is that we have neglected the presence of the spherical aberration term in the integral, because in the working conditions (object point out of the optical axis), the coma, astigmatism, and defocus aberrations are dominant, as can be probed numerically and experimentally (see results obtained in the following section). It is important to note that the spherical aberration is present in all the optical systems described for the generation of Airy beams (at least through the lens that performs the Fourier transform), since it is an on-axis aberration (it does not depend on the angle ), and, in all cases, it has not been taken into account in any theoretical or experimental study [1] , [10] - [12] .
Results and Discussion
Finally, taking into account the described approximations, we obtained an expression for the 1-D Airy beam that can be generated by the optical system designed, where the coefficient x 0 only depends on the refractive index of the lens, the focal length, and geometric variables such as distance d and the tilt angle . Therefore, so we can study for a given lens the range of values of x 0 that can be obtained as a function of such variables. First, we will discuss the validity of the realized approximations by using experimental results and comparing them to the deduced equation. Fig. 2 shows the image of the Airy beam obtained by the CCD camera and the normalized intensity profile in the x -direction compared with the Airy function that fits the experimental curve (the x origin was fixed at the maximum intensity). As can be seen, there was very good correlation between the experimental results and the Airy function over a large region. From the fitting of the experimental data, we obtained a x 0 coefficient of 49.6 m, which is very close to 49.01 m, which is the theoretical value predicted with the analytical formula [see equation (16)] for the working conditions; thus, the approximations appear to be correct. In relation to the obtained Airy beam, as it can be seen from the image recorded by the CCD, the resulting beam posses high quality. At this point, it is important to note that the exact Airy function cannot be generated, since it implies an exit pupil of infinite dimensions. Therefore, differences in the transverse shift during propagation between the exact Airy function and the generated function must be observed, as has been previously reported [13] . In this way, the upper-left part of Fig. 3 shows the transverse shift during propagation of the main intensity lobe for the exact Airy function and the truncated Airy function generated with the optical system proposed (we have used the same geometrical conditions as in Fig. 2 ). As can be seen, both exhibit the characteristic quadratic dependence but with a lower quadratic coefficient in the case of the truncated Airy function. In the same way, as consequence of the finite dimension of the exit pupil, one would expect differences in the intensity profile due to diffraction effects. This can be observed on the upper-right part of Fig. 3 , where it is shown the intensity profile of the exact Airy function and the truncated Airy function after propagating 0.1 m from S 0 . In this case, the difference in the transverse shift previously mentioned and the diffraction effects in the maximum intensity of the lobes can be observed. Therefore, the generated Airy function does not show the exponential decay of the intensity of the lobes characteristic of the Airy function, since a certain undolatory behavior has been obtained. However, main lobes keep the behavior of the Airy function. In other way, we also theoretically analyzed the phase of the generated Airy beam and compared it with the exact Airy function in the image plane ðz ¼ S 0 Þ. The results are shown in the down part of Fig. 3 . The exact Airy function for the image plane is a real function; hence, the only effect in the phase is produced by the sign of the function. However, the optical system designed generates a complex field in the image plane, being the final phase consequence of two contributions. The first of them was the quadratic phase term present in the Fresnel propagator [see equation (2) ], whose effect increases with the value of x , but it is not much significative for the main lobes. The second source of the phase term is the integral (12) , which includes the effect of spherical aberration and aperture dimensions. As can be seen, the effect of the second source also increases with the value of x coordinate, and it is not much significative for the main lobes.
The validity of equation (16) can also be demonstrated with the experimental and theoretical data shown in the left-hand side of Fig. 4 , where the theoretical prediction for the coefficient x 0 under different experimental conditions and the corresponding values obtained from the fitting of experimental data are shown. As can be seen once again, there was a very good agreement between theory and experimental data, since the difference was less than 1% at most points. It is important to note that the beam quality of Airy beams for all the points in Fig. 2 corresponds to the results shown in Fig. 2 . From the analysis of the theoretical curve, we can see the flexibility of the optical system for producing Airy beams with different coefficients x 0 ; hence, for example, for a distance d of 29 cm, we can change x 0 from 70 to 30 m tuning the angle . However, it is important to note that the change in the coefficient x 0 also causes the total length of the optical system to be modified, where we define the total length d T as the sum of the distances d and d 0 (distance between the focal point of the objective lens and the plane where the Airy beam is generated). This can be seen on the right-hand side of Fig. 4 , where the total length of the optical system for the same experimental conditions as those corresponding to the results represented on the left are shown. High values of the coefficient x 0 imply longer distances; hence, for example, to obtain a x 0 value of 70 m, the length required is 1.8 m. In our case, the maximum distance available was 1.15 m, and therefore, all experimental measurements were made for angles and distances d that satisfy this requirement. However, if there are no space restrictions, higher values of x 0 may be obtained by decreasing the distance d and the angle . Thus, for example, with d ¼ 26 cm and ¼ 6 , x 0 ¼ 200:7 m can be achieved, and the total length is 4.95 m.
Conclusion
In conclusion, we designed a highly tunable optical system for generating high-quality onedimensional optical Airy beams. An analytical formula for the characteristic coefficient of Airy beams was obtained as a function of two control parameters for a given lens, the object distance and the tilt angle; hence, it is easy to obtain the desired Airy beam within the wide range of coefficients allowed. 
